Magnetic refrigeration at room-temperature is a technology that could potentially be more environmentallyfriendly, efficient and affordable than traditional refrigeration. The search for suitable materials for magnetocaloric refrigeration led to the study of double-perovskites La2MnNiO6, La2MnCoO6 and La2MnFeO6. While La2MnNiO6 and La2MnCoO6 are ferromagnets with near room-temperature TC s, previous theoretical study of double-perovskite La2MnFeO6 revealed that this material is a ferrimagnet due to strong electronic interactions in Fe-d orbitals. Here, we investigate the double-perovskites La2MnRuO6 and LaA"MnFeO6 (A" = Ba, Ca and Sr) with density functional theory (DFT) as materials that can counteract the effects the strong repulsion present in the in Fe-d shells of La2MnFeO6 and lead to a ferromagnetic state. Our study reaveals that while La2MnRuO6 is also a ferrimagnet, but with a higher net magnetic moment per formula than La2MnFeO6, doubly-ordered LaA"MnFeO6 are ferromagnets. By mapping the total energy of the LaA"MnFeO6 compounds obtained from DFT calculations to the Ising model, we also calculate their magnetic exchange couplings. This allows us to estimate the trend in TC of the three doped La2MnFeO6 materials with classical Monte-Carlo calculations and predict that doubly-ordered LaBaMnFeO6 and LaSrMnFeO6 could be suitable materials for room-temperature magnetic refrigeration.
I. INTRODUCTION
Traditional cooling utilizes refrigerant gases that are harmful to the environment due to their global warming potential. 1 A promising alternative is magnetic refrigeration. It relies on the magnetocaloric effect, which describes the variation of the temperature of a material subjected to a change in magnetic field. The magnetocaloric materials are generally ferromagnets that undergo a phase transition to a paramagnetic state around operating temperature. The magnetocaloric materials suitable for domestic refrigeration have a transition temperature around room temperature.
The design of new magnetocaloric materials is one of the main research areas in the field. Double-perovskites La 2 MnNiO 6 (LMNO) and La 2 MnCoO 6 (LMCO) have been proposed and investigated extensively because they are ferromagnetic insulators with large total moments, 5 and 6µ B /f.u. respectively 2, 3 . Furthermore, they are low-cost, resistant to corrosion and recyclable compounds. Their Curie temperatures T C are however below room temperature, respectively 280 K and 226 K 2, 4 . The natural assumption is that a similar compound, La 2 MnFeO 6 (LMFO), is also a ferromagnetic insulator, but with a higher T C due to a possibly higher magnetic moment on Fe. However, experiments show that LMFO is a ferrimagnet with anti-parallel alignment of Mn and Fe moments on neighboring sites 5 . Further theoretical investigation has shown that in LMNO and LMCO, the Mn ions acquire Mn 4+ oxidation state with three electrons in their t 2g orbitals, leaving a doubly degenerate Mn-e g to contribute in the superexchange mechanism with O-p orbitals. The almost unoccupied, doubly degenerate Mn-e g sets the stage for Hund's coupling to be effective by reducing the ferromagnetic (FM) ground-state energy in comparison with the antiferromagnetic (AFM) one 6 . However, in LMFO, large electronic correlations prevent double occupancy in Fe d-shells, promoting the Fe 3+ valence state with half-filled d-shell over Fe 2+ , and leading to high-spin Mn 3+ and Fe 3+ states 6 . Mn 3+ has four valence electrons with one residing on e g states that lifts their degeneracy due to the Jahn-Teller mechanism. Therefore, in LMFO, the effective shells of the two transition metal ions are half-filled Mn-e g and Fe-d, leading to the usual antiferromagnetic superexchange interaction. Because the magnitude of the down-spin magnetic moment is different from the up-spin magnetic moment, the resulting state is a ferrimagnet. We use antiferromagnet (AFM) and ferrimagnet interchangeably since the magnetic moments of the two magnetic ions are different, but we will mostly use the acronym AFM.
The main factor that drives LMFO to be a ferrimagnet is the strong electron-electron interaction in Fe-d shells that overcomes the crystal field splitting in Mn-d shells. In order to promote Mn 4+ oxidation state and to design materials that could potentially be more suitable than LMNO and LMCO for magnetic refrigeration, we consider and discuss two solutions. First, we study the double-perovskite La 2 MnRuO 6 (LMRO). This compound is obtained by iso-electronic substitution of Fe with Ru. The valence orbitals of Ru are 4d. These orbitals are more extended in space than the Fe-3d, and hence show less significant electronic correlations. One could then hope for a Mn 4+ -O-Ru 2+ ferromagnetic superexchange interaction. Second, we consider the effect of hole-doping LMFO by substituting half of the La atoms with A" = Ba, Sr or Ca, leading to LaA"MnFeO 6 with ferromagnetic Mn 4+ -O-Fe
3+
superexchange interaction in the ordered materials.
In this paper, we employ the real material calculation described in Sec. II to find in Sec. III the magnetic ground state of LMRO and in Sec. IV of hole-doped LMFO. The latter section contains information on structure optimization, magnetic and electronic ground state properties, estimates of magnetic exchange couplings and of the Curie temperature.
II. METHOD
We investigate the ground state structural, electronic, and magnetic properties of double-perovskites LMRO, LBMFO, LSMFO and LCMFO with density functional theory calculations. The calculations are performed within the full-potential all electron basis set as implemented in the WIEN2k package, using the PBE GGA functional. 7, 8 The interaction effects are taken into account using GGA+U. The GGA+U calculations are carried using the approximate correction for selfinteraction correction (SIC) as described in Ref. 9 . In DFT calculations, we check the convergence with respect to the number of k-points used in the Brillouin zone and the planewave cut-off K max , controlled by the parameter R mt ·K max , where R mt is the muffin-tin radius. Both volume and internal coordinates are fully relaxed. We consider several collinear magnetic orderings to obtain exchange coupling between transition metal ions. Consequently, these couplings are used to estimate Curie temperatures using mean-field calculation and Monte Carlo simulations with the GT-GPU method on a cubic lattice. 10 
III. ELECTRONIC AND MAGNETIC PROPERTIES OF La2MnRuO6
We first studied LMRO in order to see if a ferromagnetic superexchange interaction is possible between Mn and Ru ions, considering the fact that electronic repulsion in Ru-4d shells are less important than in Fe-3d shells. We used experimental crystal structure data to perform the calculations, without structure relaxation 11 . This experiment found LMRO to be a ferrimagnet. However, it was carried on disordered LMRO with space group P bnm. We added a rock-salt ordering for Mn and Ru atoms, which lowers the space group symmetry to P 2 1 /c. The same space group has been observed experimentally in similar A 2 B'B"O 6 compounds with B-site rock-salt order, such as ordered single crystal LMNO and LMCO. 2, 3 In these ordered double-perovskites, B' and B" atoms alternate in each spatial direction. Here, we are interested in seeing if the addition of B-site order in LMRO can drive a ferromagnetic ground state.
Our GGA calculations show that the ground sate of LMRO is a spin density wave with anti-parallel magnetic moments of the neighboring Mn and Ru ions. Fig. 1 (a) illustrates the GGA density of states (DOS) of LMRO. As one can see from the figure, the system is in a metallic state with finite spectral weight at the Fermi level. The total moment is 3µ B /f.u. Adding the correlation effects within the GGA+U framework opens up a charge gap at the Fermi level leading to an insulating ferrimagnetic ground state. We used U ef f = 1.09 eV for Ru-d shells and U ef f = 3.0 eV for Mn-d shells. Fig. 1 (b) shows the GGA+U DOS of LMRO. The band gap is 0.03 eV. Using a larger interaction value for Ru, i.e. U ef f = 3.0 eV, does not change the ground state magnetic alignment, but increases the band gap to 0.2 eV as expected. As seen in Fig. 1 (b) , the Ru-d orbitals are relatively delocalized, with wide partial DOS, and there is sizable overlap between In order to confirm the results, we relaxed the structure by optimizing its internal degrees of freedom, without changing the volume of the unit cell. We used U ef f = 3 eV in Mnand U ef f = 1.09 eV in Ru-d shells to relax the structure. The ground state predicted from the relaxed structures is also ferrimagnetic. This did not change drastically the predicted partial moments, total moment per formula unit or the partial charges.
An ionic picture for Ru ions is not quite applicable. Indeed, in contrast to Mn-d orbitals, in which spin-dependent orbital occupation is almost zero or one and does not depend sensitively on the magnetic order, some of Ru-d orbitals are partially occupied (see Table I ). Nevertheless, the picture of localized spins to describe the superexchange mechanism in LMRO works rather well as we now show. In both FM and AFM magnetic configurations, the Mn 3+ ions are in high-spin configuration. Furthermore, the Mn-e g degeneracy is lifted due to the Jahn-Teller distortion, hence, only one Mn-e g orbital is contributing in the superexchange interaction. Let us assume that Mn majority spin species is up as shown in Fig. 1 (c). In this case, a down-spin electron of O-p contributes to the superexchange mechanism with Mn-e g due to Pauli's exclusion principle. The O-p up-spin electron contributes in superexchange mechanism with Ru. If the magnetic moment of Ru is aligned anti-parallel to the moment of Mn, as shown in Fig. 1 (c) , then O-p up-spin electron can hop on both Ru-e g or Ru-t 2g orbitals. However, in case of parallel alignment of magnetic moments of Mn and Ru, i.e., FM configuration, O-p up-spin electron can only hop on Ru-e g orbitals, because Rut 2g up-spin orbitals are almost fully occupied (see Table I ). The Ru-t 2g blockade decreases the kinetic energy gain in FM alignment and leads to an AFM ground state for LMRO (compare third t 2g orbital occupation between AFM and FM configurations). 
IV. ELECTRONIC AND MAGNETIC PROPERTIES OF
LaA"MnFeO6 WITH A" = Ba, Sr OR Ca
In LMFO, strong electronic correlations in the Fe-d orbitals favor Fe 3+ oxidation states in order to avoid double occupancy. This consequently leads to Mn 3+ states, Jahn-Teller distortion and, ultimately, a ferrimagnetic ground state. Here, we study LaA"MnFeO 6 , with A"=Ba, Sr or Ca, in which the total oxidation of the cations at the B site is 7 + instead of 6 + . This could lead to Mn 4+ and Fe 3+ oxidation states and to a ferromagnetic ground state. We investigate this possibility here.
A. Structure optimization
Since doubly-ordered LA"MFO (A"=Ba, Sr, Ca) have not been reported experimentally, we start our study by optimizing their crystal structure. Most A 2 B'B"O 6 doubleperovskites with B-site order crystallize in the P 2 1 /c space group. 12 However, other space groups are also possible depending on the amount of octahedral distortion that is present in the crystal. One of the ways to predict the amount of octahedral tilting in a double-perovskite is from its tolerance factor t, which is defined by
where r A and r B denote the average ionic radius at the A and B sites, respectively, while r O is the ionic radius of oxygen. The ideal, cubic situation with 180
• B'-O-B" bonding angles occurs when t = 1. Most ordered double-perovskites with t 1 crystallize in the F m3m cubic space group. When t is smaller than 1, octahedral tilting occurs. 12 The approximate tolerance factors of LBMFO, LSMFO and LCMFO calculated using Eq. (1) and available ionic radius values 13 are 1.035, 1.003 and 0.985 respectively. The decrease in tolerance factors is due to the fact that Ba 2+ has the largest ionic radius and Ca 2+ has the smallest one out of the three dopants. 13 This motivates the study of the three following space groups for LSMFO and LBMFO: P 2 1 /c, R3 and F m3m. In the case of LCMFO, its tolerance factor (t = 0.985) is comparable to the tolerance factors of LMNO and LMCO (t = 0.978 and 0.964), both of which were found to crystallize in the P 2 1 /c space group. 2, 3 For that reason, we only investigated this space group for this material.
In order to optimize the structures with unit cells containing a reasonable number of atoms, we had to impose A-site and B-site order. We chose a layered order on the A site and a rock-salt order on the B site, which are the most common orderings in doubly ordered A'A"B'B"O 6 double-perovskites. 14 We also tested rock-salt order on A and B site simultaneously for LBMFO and LSMFO. We found that the layered order on the A-site yields a lower total energy than the rock-salt A-site order.
For LBMFO, the ground state predicted by GGA+U calculations is in the P 2 1 space group. We optimized the structures in the same space group for LCMFO and for the GGA calculations on both of these materials. In the case of LSMFO, the ground state predicted by GGA and GGA+U calculations is P1.
In agreement with the tolerance factors listed above, we found from the relaxed structures that the amount of octahedral tilting in LBMFO is the smallest out of the three compounds, while it is the largest in LCMFO. In previous work on double-perovskite LMFO (t 0.96), we found that the Mn-O-Fe bonding angles are 152
• . 6 The octahedral tilting in All three compounds are predicted to be ferromagnetic insulators by both GGA and GGA+U methods. In the GGA calculations, the band gaps are very small for the three compounds. They are 0.14, 0.17 and 0.25 eV for LBMFO, LSMFO and LCMFO respectively. As seen in Fig. 2 (a) , (b) and (c), the states that are immediately above the Fermi level are Fe-t 2g . Adding electron-electron interactions in the GGA+U calculations pushes the Fe-t 2g states away from the Fermi level, and the predominant states above the Fermi level become Fe-t 2g and Mn-e g . The gaps open further to 1.3 eV in both LBMFO and LSMFO, and to 1.4 eV in LCMFO as seen in Fig. 2 (d) , (e) and (f). These figures also show that the occupied Fe-e g and t 2g states are pushed to lower energies below the Fermi level. This localization is expected from the addition of electron correlations in these orbitals.
The total moment is predicted to be 8µ B /f.u. in all three materials. Analysis of the partial moment, partial density of states and partial charge in the five d shells leads to the conclusion that the magnetic ions are in high spin configuration in all three ferromagnetic materials with Mn 4+ and Fe 3+ oxidation states. The magnetic orderings of these three compounds are easily understood from the superexchange interaction that can be deduced from these oxidation states.
Indeed, as illustrated in Fig. 2 (g), a ferromagnetic 15, 16 is confirmed by the partial DOS presented in Fig. 2 (a) to (f) There is also a good overlap between O-pσ and Fe-e gσ , while the Mn-e gσ partial DOS mainly lies at higher energies than both Fe-e gσ and Mn-e gσ .
All of these conclusions arise from the assumption that LBMFO, LSMFO and LCMFO are doubly-ordered. Experimentally, in A 2 B'B"O 6 double-perovskites, B-site order seems to arise from charge and size difference between the B' and B" ions. Typically, the materials are disordered when the charge difference is smaller than 2.
12 Moreover, A-site order seems to be linked with B-site order: if the B site is disordered, then the A site is also disordered.
14 These considerations indicate that doubly-ordered LBMFO, LSMFO and LCMFO could be difficult to synthesize experimentally, since the B-site charge difference is only of 1. Disordered LA"MFO could include various domains, including Mn-O-Mn and Fe-O-Fe antiferromagnetic interactions. However, new experimental techniques seem to improve the degree of B-site order, which could then drive A-site order and lead to the ferromagnetic materials we describe here. 17 
C. Magnetic exchange couplings
In order to see whether LBMFO, LSMFO and LCMFO are suitable for magnetic refrigeration, one needs to know if their T C is close to room-temperature. It is possible to map the DFT total energy to the Ising model
in order to obtain the magnetic exchange couplings that can afterwards be used in the calculation of the Curie temperature. In Eq. (2), J ij denotes exchange coupling between magnetic moments at site i and site j, while S z i(j) is the z-component of the magnetic moment at site i(j). We consider six independent exchange pathways connecting various Mn and Fe sites. We define J 1 and J 2 as the nearest-neighbor in-plane and out of plane couplings between Mn and Fe, while J 3 (J 3 )
TABLE II. Spin configuration of the sublattices used in the 8 magnetic configurations. The transition metal sublattice spin configurations are : (i) in-plane and out of plane FM (ii) in-plane FM and out of plane AFM and (iii) in-plane AFM and out of plane FM. For AFM4, the spin alignment of the sublattices is chosen in such a way that the out of plane nearest neighbor alignment is AFM. Configurations AFM5, AFM6 and FiM have different total energies, but relative spin alignment of the two sublattices in each of these configurations separately does not influence the expression of the total energy since there is no net contribution of nearest neighbor (Mn-Fe) interaction to the total energy. AFM6 is used to verify the validity of the results.
and J 4 (J 4 ) are the next nearest-neighbor in-plane and out of plane couplings between Mn( Fe) magnetic moments. The exchange couplings are illustrated in Fig. 3 (a) . In order to calculate the six exchange parameters, we fix the atomic positions and use seven different collinear magnetic configurations to calculate six total energy differences. We use an additional magnetic configuration to verify the validity of our results. All the magnetic configurations we consider are listed in Table II . The configurations chosen here are the same as in Ref. [6] , where details of the mapping to the Ising model can be found. The exchange couplings are obtained from self-consistent GGA+U calculations on √ 2 × √ 2 × 1 supercells which include 4 non-equivalent Mn atoms, 4 nonequivalent Fe atoms, and a total of 40 atoms. The values of the exchange couplings for LSMFO, LBMFO and LCMFO obtained from the mapping to the Ising model are listed in Table III . For all three materials, nearest neighbor exchange couplings J 1 and J 2 are ferromagnetic, as expected from the discussion on superexchange of the previous section. They are also larger by one or two orders of magnitude than the next-nearest neighbor couplings. This is due to the localization of the 3d orbitals. Moreover, most of the next-nearest exchange couplings are antiferromagnetic, as expected from the Goodenough-Kanamori rules regarding the superexchange interaction between two half-filled Fe-d (Fe 15, 16 Finally, we computed the energy differences between the FM and AFM6 magnetic configurations using the calculated exchange couplings and compared them to the same energy difference obtained from GGA+U calculations. The energy differences are listed in Table IV. One can see that the agreement between the prediction from the calculated couplings and the DFT results is excellent for all three materials.
One can notice that LBMFO has the largest values of J 1 and J 2 LCMFO has the smallest ones. This trend can be explained by the structural differences between the three compounds. As explained in Sec. (IV A), the Mn-O-Fe bonding angle is an interesting feature in the relaxed structures. Superexchange mechanisms are more effective when the two magnetic ions are aligned with the oxygen atom. A 180
• bonding angle indeed leads to the biggest overlap between the orbitals that participate in the superexchange. In LBMFO, the angles are closer to the ideal 180
• case, leading to more effective superexchange interactions. Similarly, in LCMFO, the angles are the farthest from 180
• : in that case, the crystal structure shows important distortions from the ideal double-perovskite one, which could lead to less effective superexchange interactions. Hence, the largest nearest-neighbor exchange couplings are obtained when the Mn-O-Fe bonding angle is close to 180
• . One can extract the Curie temperature of the materials using the exchange couplings listed in Table III . Here, we employ two different methods: a mean-field approximation and Monte Carlo calculations. The details on the mean-field and Monte Carlo calculations can be found in Ref. 6 . The resulting T C s are listed in Table V . The predicted T C s are interesting from a qualitative point of view more than from a quantitative point of view. Indeed, without pretending that these values are accurate, we can still notice a trend in the predicted phase transition temperatures. Previous work using this methodology reproduced the qualitative experimental trend in T C for double-perovskites LMNO, LMFO and LMCO 6 . Calculations for LMFO using parameters similar to those we use here (GGA+U calculations with U ef f = 3 eV, a supercell with 40 atoms and the same magnetic orders) predicted its T N to be 329 K (Monte Carlo) and 418 K (mean-field). While the precise T N of LMFO is unknown, it was shown experimentally to be lower than the T C of both LMNO and LMCO, hence below room-temperature.
This leads us to believe that, even though the predicted mean-field and Monte Carlo T C s listed in table V probably overestimate the actual T C s, the trend that they follow should be accurate. We can notice that LBMFO has the highest T C while LCMFO has the lowest one for this family of compounds. This trend in T C can once again be explained by the structural differences between the three compounds. More importantly, by comparing our results for LBMFO, and LSMFO to the results obtained previously for LMNO in Ref. 6 , we see that doubly-ordered LBMFO and LSMFO might have T C s that are above or around room-temperature.
V. CONCLUDING REMARKS
We studied two different types of materials in order to see if a ferromagnetic and insulating LaA"MnB"O 6 -based doubleperovskite with a higher moment per formula unit and Curie temperature than LMNO and LMCO could be designed. Since strong electronic correlations have been found to induce an antiferromagnetic insulating ground state in LMFO, we first studied LMRO, in which electronic correlations are less important. We found that this material is also predicted to be ferrimagnetic. The total moment is predicted to be 3µ B /f.u., which is higher than what was predicted with similar calculations for LMFO (1µ B ). This predicted ground state and the fact that Ru is rather expensive strongly suggests that LMRO is not suitable for magnetic refrigeration.
By contrast, our study of hole-doped LMFO through divalent substitution of one of the La atoms leads to promising results. All three compounds studied (LBMFO, LSMFO and LCMFO) are predicted to be ferromagnetic insulators by GGA and GGA+U calculations, with a total moment of 8µ B /f.u, which is higher than that of LMCO and LMNO.
Moreover, our study of the trend in T C of these hole-doped LMFO materials indicate that LBMFO and LSMFO could both be suitable for room-temperature magnetic refrigeration, provided that they can be synthesized experimentally as doubly ordered doped double-perovskites.
